Abstract-Novel types of dual circular polarizer are developed to convert TE10 mode into two different polarized TE11 modes in a circular waveguide. These designs have MHz bandwidth and high power transmission capability.They can be used for broadcasting and receiving circular polarized signals.
. Demonstration design of circular polarizer and its power flow. TE10 mode in port1 will output LHCP signals on port 3. It can be used in a reverse way. Both polarizations of LHCP and RHCP have the same amplitude and the only different is the phase delay.
the RF mode conversion. To achieve the goal that we describe in Figure 1 , the targeted core scattering matrix for these four modes should be the following:
where the first two modes are the TE10 modes on both end rectangular waveguides, and the last two modes are the two TE11 modes in the circular waveguide. This matrix is a unitary matrix. When the RF power comes from port 1, it will be split equally into H polarization 1 and V polarization 2 in the fourth port, and those two modes have 90-degree phase difference. This is a LHCP mode. If the RF power comes from rectangular port 2, it will split equally into those two polarizations with 270 (or −90) degree delay. This is a RHCP mode. When the power received from port 3 has two modes with 180-degree phase difference, the power will be distributed equally to two rectangular ports. In any case, 2 rectangular waveguides are isolated.
Matrix 1 is a core matrix and simplified, because the phase of each mode can be different and depends on the length of the waveguides. One needs to cascade this core scattering matrix with a phase shift matrix. The phase shift matrix is related to the lengths of input and output waveguides. However, the phase shift matrix will not change amplitude and phase difference. Thus, there is a more general form of the transfer 4 by 4 matrix, it is shown as following.
2) The modes sequence is the same as that shown in matrix 1. In this matrix, L 1 , L 2 and L 3 are the lengths of three arms, and β 1 β 2 and β 3 are the propagation constants in each waveguide. In our case, β 1 and β 2 are the same, because we will use the same rectangular waveguide on both ends.
ANALYTICAL STUDY OF A SIMPLIFIED POLARIZER
How to split the RF energy and couple it to two different polarizations? One has to split the input power to two different modes. As mentioned above, the input power comes in a form of TE10 mode from a rectangular waveguide. The next lowest mode in the rectangular waveguide is TE20 mode [12] . At this moment, we presume that we convert TE10 into an over-moded TE10 and TE20 combination. We will address how to get this input in the later context. Now we have an input rectangular waveguide with TE10 and TE20 modes with equal amplitude and arbitrary phase difference. By doing this, we can separate this converter into two parts: a center unit which converts TE10/TE20 to two TE11 polarizations in circular waveguide, and an end unit which converts TE10 modes to TE10/TE20 combinations.
DESIGN OF THE CENTER UNIT
Now we design the center unit. Instead of three ports, this center piece will have two physical ports: one circular and one rectangular waveguide in Figure 2 . Each port will support two modes. A short plate is added on one side of the circular waveguide. After examining the electromagnetic field patterns of TE10 and TE20 and TE11 in both waveguides, we find that TE10 can be easily coupled to TE11 vertical polarization, and TE20 can be coupled to TE11 horizontal polarization independently, because they are orthogonal modes. Figure 2 , we can form two standing wave modes between the shorting plate and circular waveguide. The standing wave modes are formed by TE010 and TE020 modes inputs. With correct distance between short plate and circular waveguide, both TE10 and TE20 modes from rectangular waveguide have perfect matches to two polarizations on the circular waveguide independently. To achieve this goal, the center device will have a 4 by 4 scattering matrix as following. The first two modes are TE10 and TE20 from rectangular waveguide and last two are TE11 modes on circular waveguide.
Shown in
where θ 1 and θ 2 are the phase delay for TE10 and TE20 modes in this structure. As mentioned above, two standing wave modes will be coupled by the circular waveguide when their maximums H fields' location is just at the root of circular waveguide. The peak fields need to have the same amplitude and occur at the same location in order to achieve the requirement of LHCP or RHCP. In addition, we also need to make sure that two polarizations have −90-degree phase difference. To achieve these requirements, TE10 and TE20 modes are optimized individually since they are orthogonal and independent. The distance from the center of circular waveguide to the short end should be approximately half guided wavelength for each mode. But the guided wave lengths of TE10 and TE20 are not the same in a given rectangular waveguide. To solve this problem, a thin fin groove is added at the center of the shorted plate. The design of a convertor is shown in Figure 3 . For TE10 mode conversion, shown in Figure 3(a) , the fin acts like short end to TE10, because TE10 is too wide thus become evanescent mode at the fin tip. One the other hand, TE20 mode (Figure 3(b) ) can propagate with little reflection in the fin area because TE20 has no field in the center. The length of the fin can be adjusted to move the peak E field of TE10 and TE20 to the same location. At this location, we add a circular waveguide port to achieve max extractions of both modes. Each mode will be fully matched to one TE11 polarization individually. A snap shot of E field in this convertor is shown in Figure 3(c) . The simulations in this study are conducted in HFSS simulation [13] . A LHCP mode is formed at this setup in Figure 3(c) .
(c) Figure 3 . This is the electric field patterns on the center converter First two figures are shown when input modes are single individual modes and last figure shows that a combination scenario. (a) TE10 conversion; (b) TE20 conversion; (c) a snap shot E field on converter with an over-moded input power. In these figures, the electric fields are plotted when the input powers on port1 are normalized to 1 W for each TE10/TE20 modes. The field amplitude increases quadratic when power increase linearly.
The output of circular waveguide is a combination of two polarized TE11 modes. The phase delay will determine if they form a RHCP or LHCP. If the delay is −90, they form a LHCP, and vice versa. The degree phase difference between θ 1 and θ 2 in matrix 3 can be adjusted by the input TE10 and TE20 initial phase difference at port 1. This initial phase can be changed by the length of a rectangular waveguide. Because TE10 and TE20 have different propagation constants, the phase difference can be any arbitrary number. In this case, adjusting the phase delay and amplitude are independent. At this moment, we focus on matching the amplitudes of both modes to the value in matrix 9 and leave θ 1 and θ 2 arbitrary numbers. After optimization, a 4 by 4 scattering-parameters matrix at 11.424 GHz is given in Table 1 . The first two modes are TE10 and TE20 on port 1, and last two modes are two TE11 on port 2. Achieving this transfer matrix suggests that both modes are matched from port 1 to port 2 with minimal reflection to the input rectangular waveguide. Figure 3 . The modes sequence is the same as shown in matrix 2. First number is amplitude and second number is phase delay from input port. S : M : N means N th mode on M port. First number is S parameter whose unit is decibel (dB) and second number is phase whose unit is degree. 
MODE CONVERSION FROM TE10 TO TE10/TE20 OVER MODE
The converter to convert TE10 to TE10/TE20 modes is previously designed by Tantawi et al. [14] . This converter is shown in Figure 4 . In this study, we adapt it to fit our design because our output rectangular waveguide port 3 has a different dimension. We design an adapter to match modes between two rectangular waveguides and attach it to the TE10 to TE10/TE20 convertor. The adapter utilizes a double arc geometry to ensure the smooth transition and full match at 11.424 GHz [15] .
The waveguide geometry and electric field pattern on the surface are shown in Figure 5 . The Figure 5 . A snap shot of E field pattern on the mode converter. The input power on port 1 is 1 W. The dimensions are given. The double arc structure is shown in the gray frame.
optimized device can convert TE10 from port 1 into TE10/TE20 combination modes in port 3 without leakage to port 2. Ports 1 and 2 are standard WR90 waveguide, and port 3 has the same dimension as port 1 shown in Figure 3 . Thus the two rectangular waveguides can be mounted together. The powers of TE10 and TE20 modes are equal on port 3 while port 1 and port 2 have a good isolation. To achieve these requirements, we numerically optimize the geometry of the center post island, waveguide taper adapter and protrusions on the left plate. This end device has three ports and supports four modes. A 4 by 4 scattering matrix is used to check the mode conversion in Table 2 . The result is from HFSS FEM simulation. From this matrix, the power from either port 1 or 2 will be equally split to TE10/20 on port 3. From Table 2 , we can see that the powers are matched with little reflection from port 1 and port 3. Moreover, a good isolation occurs between port 1 and port 2. Table 2 . The scattering matrix of converter in Figure 11 . The modes sequence is the same as shown in matrix 2. First two modes are TE10 in port 1 and 2 and the last two modes are TE10 and TE20 in port 3. S : M : N means Nth mode on M port. First number is S parameter whose unit is decibel (dB) and second number is phase whose unit is degree. 
ASSEMBLY OF THE SECOND OMT DESIGN
By cascading these two structures, the design of a X-band dual-polarization converter assembly is shown in Figure 6 . This structure has three physical ports. Two are WR 90, and one is a circular waveguide. Figure 6 also shows the electric field at a snap shot. When the power input from one WR 90 rectangular waveguide is 1 W, the max E field on the surface is around 5800 V/m. The max field amplitude is directly proportional to the square root of the RF power amplitude. In this sense, the maximum E field on this device, when the input RF power is 50 MW, is 40.6 MV/m. It is less than the typical breakdown E field (200 mV/m) for X-band application [16, 17] . Therefore, this device will not have electric breakdown of arcing at 50 MW RF delivery. This device has three ports, and port 3 supports two modes. Thus a 4 by 4 scattering matrix is used to check the mode conversion in Table 3 . This matrix matches matrix 2, and the power is converted to LHCP with little reflection and good isolation. Table 3 . The scattering matrix of second version in Figure 4 . The modes sequence is the same as shown in matrix 2. First two modes are TE10 in port 1 and 2 and the last two modes are polarized TE11 in port 3. S : M : N means Nth mode on M port. First number is S parameter whose unit is decibel (dB) and second number is phase whose unit is degree. 
FREQUENCY RESPONSE, TRANSIENT RESPONSE AND THERMAL CONCERN

Frequency Response
The design of OMT convertors will be operated at 11.424 GHz, but it will be ideal to have a board frequency bandwidth. Considering that an X-band RF source can have an output bandwidth less than 1 MHz, this device will be suitable for accommodating the frequency shift and spread of those RF sources. The minimum bandwidth should be several megahertz. The scattering matrix elements and phase different are obtained as a function of frequency, and the results are illustrated in Figure 7 . The left vertical axis is the scattering amplitude, and right vertical axis is the phase delay angle of two TE11 polarizations in a circular waveguide. First from prospective of amplitudes, this design will have 50 MHz bandwidth, if the isolation and reflection are required less than −25 db. On the other hand, the phase difference of two TE11 modes has a bandwidth only around 3 MHz for this design. Therefore, the total bandwidths of these OMT polarizers are 3 MHz to output circular polarization modes. These bandwidths are large enough for our RF source and OMT applications. We can adapt an elliptical phase corrector to further increase the bandwidth of correct phase delay. The bandwidth improvement research will be conducted in the future studies.
Thermal Concern
This converter is designed to convert multi-megawatts RF power into dual-polarization TE11 modes in the form of RHCP or LHCP modes in a circular waveguide. The converters will be machined from a single copper block to minimize the assembly error. The power loss on the surface can be non-trivial and should be estimated.
From the simulation, the main RF power loss concentrates on bottom of the circular waveguide where the magnetic fields are enhanced in Figure 8 . To minimize the magnetic field, 1.5 mm radius blending chamfers are used to reduce the local H fields. In this simulation, we presume that the surface conductivity is 5.8×10 7 siemens/m. The RF loss on the surface of this design is calculated and simulated in HFSS e-physics, and plotted in Figure 6 , and the integration loss is 0.0108 W when the input power is 1 W from a RF source. The total loss of each of the two devices is around 1% input RF power in a CW operation mode. Hence, this device will generate around 100 W RF surface loss on copper block when it delivers 1 MW pulsed RF power at 100 Hz repetition rate. Active chilling water pipes would lend enough capability to cool the whole system exterior around room temperature [18] . Figure 8 . Schematic of surface RF loss density distribution for the dual polarizer at a steady state. The color code gives the guidance on the RF dynamic loss density.
CONCLUSION
We present two designs for X-band dual circular polarization transducers. The design uses all simple or existing shapes, and it will be easy to manufacture. This design has MHz operation bandwidth which is enough for our OMT application. This polarizer can be utilized for several motivations, including RHCP and LHCP signal broadcasting and receiving, high power RF loads and RF power compressors.
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